BACKGROUND: Physicians frequently prescribe antibiotics to inpatients without knowledge of medication cost. It is not well understood whether providing cost data would change prescribing behavior. OBJECTIVE: To evaluate the association between providing cost data alongside culture and antibiotic susceptibility results and prescribing of high-cost antibiotics. DESIGN: Quasi-experimental pre-post analysis. PARTICIPANTS: Inpatients diagnosed with bacteremia or urinary tract infection in two tertiary care hospitals. INTERVENTION: Cost category data for each antibiotic ($, $$, $$$, or $$$$) were added to culture and susceptibility testing results available to physicians. MAIN MEASURES: Average cost category of antibiotics prescribed to patients after the receipt of susceptibility testing results. KEY RESULTS: There was a significant decrease in the average cost category of antibiotics per patient after the intervention (pre-intervention = 1.9 $ vs. postintervention = 1.7 $, where 1.5 $ would mean that the average number of dollar signs for antibiotics prescribed was between $ and $$, p=0.002). After adjusting for age, insurance type, and prior length of stay, the odds ratio (OR) of a patient's average antibiotic being higher cost vs. lower cost after the intervention compared to before the intervention was 0.74 [95 % confidence interval (CI) 0.56, 0.98]. The intervention was associated with a 31.3 % reduction in the average cost per unit of antibiotics prescribed (p<0.001). CONCLUSIONS: Providing physicians with cost feedback alongside susceptibility testing data was associated with a significant decrease in prescription of high-cost antibiotics. This intervention is intuitive, low cost, and may shift providers toward lower cost medications when equally acceptable options are available.
INTRODUCTION
Health care costs in the USA have been growing at an unsustainable rate. 1 As a result, there has been interest in strategies to reduce health care costs while preserving or improving patient outcomes. One approach supported by federal health policy is the use of electronic health records (EHRs). 2 Proponents argue that EHRs would lead to better quality at lower cost by reducing inefficiencies, improving care coordination and reducing medical errors. 3, 4 Despite enthusiasm for EHRs, evidence of their efficacy at reducing health care costs is mixed. [5] [6] [7] [8] [9] These data indicate that simply implementing an EHR system is not sufficient to control costs. 10 Instead, EHRs may need to incorporate clinical decision support to guide providers toward cost-saving choices.
Previous interventions to reduce costs associated with diagnostic tests by providing data related to the cost of the test through the EHR have been successful. 5, 11, 12 However, results from early attempts to encourage physicians to provide lower cost medications through decision support tools have had mixed success. A study by Ornstein et al. 13 reported that providing medication cost information in the EHR of a family-practice clinic did not change the overall cost of medications prescribed. Decreased expenditures on certain classes of medications counterbalanced an increased mean cost of other agents. However, a study that examined the effect of providing a computerized support tool to encourage appropriate antibiotic therapy for inpatients found that it reduced the hospital's antimicrobial costs, 14 and a recent study of community-based practices in Massachusetts showed that a formulary decision support tool was associated with significant cost savings overall. 15 Real-time feedback about cost data may be more effective in specific settings and for certain drug categories.
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On May 26, 2010, we added a feature to the EHR to make providers aware of antibiotic costs. The purpose of our analysis was to determine whether presenting cost data at the time of antibiotic ordering was associated with a decrease in utilization of high-cost antibiotics.
METHODS

Study Design and Setting
This study was a retrospective quasi-experimental pre-post analysis conducted using records from Emory University Hospital and Emory University Hospital Midtown, both urban academic hospitals in Atlanta, Georgia. We collected records of admitted patients diagnosed with bacteremia or urinary tract infection (UTI) between May 26, 2009, through May 25, 2011-12 months before and 12 months after the deployment of the computerized decision support tool. The Institutional Review Board of Emory University approved the study (IRB00061277).
Intervention
Since 2007, Emory University hospitals have used an EHR and computerized order entry system (PowerChart, Cerner Corporation). The system reports a table of antibiotic susceptibility data alongside microbial culture results for all positive cultures. Beginning May 26, 2010, cost category data for antibiotics were added to the table. When physicians received microbial culture results, the table of antibiotic susceptibilities included a cost category ranking from $ to $$$$ for each drug (Fig. 1, Supplementary Table 1 ). The number of symbols for each antibiotic was assigned based on cut points determined by the per unit cost of each antibiotic to the hospital at that time. The decision to use cost categories rather than actual cost was based on ease of implementation, simplicity, evidence from the social sciences literature suggesting that cost scales may facilitate decision-making, 16 feedback from providers, and the fact that while antibiotic cost may change frequently, cost categories tend to be static. To implement the intervention, a cost category indicator was appended to the antibiotic name.
The pre-intervention period began May 26, 2009, and lasted 12 months. It was followed by the implementation of the cost feature for all EHRs. The post-intervention observation period began May 26, 2010, and lasted 12 months. During this period, no changes were made to the cost categories.
Participants
Patients were eligible for the study if they had been diagnosed with bacteremia (ICD-9 codes: 038.x, 022.3, 790.7, 054.5, Fig. 1 Example of a cost feedback screen provided in susceptibility testing results 036.2, 003.1, and 020.2) or UTI (ICD-9 codes: 599.x, 590.x, 595.x, and 597.x) during a hospitalization, had received susceptibility testing to confirm their diagnosis, had positive culture results that indicated susceptibility to at least two cost classes of antibiotics (e.g., $ and $$$), and had been prescribed antibiotics following susceptibility testing results. These conditions were selected because of their incidence and the variety of prescribing options available. For patients with multiple hospital stays during the period, we only included the first visit in our analysis because patients may have been more likely to receive the same drug regimen during subsequent hospital stays. For patients with both bacteremia and UTI diagnoses, we considered prescriptions after the second positive culture result to be eligible for inclusion, regardless of sample type, to minimize inclusion of antibiotics prescribed for prior infections. During diagnosis-stratified analyses, we included dual-diagnosis individuals in both groups, but we only included prescriptions from after the culture result specific to the stratum (i.e., urine for UTI, blood for bacteremia).
Outcome Measures and Data Collection
The primary outcome was the average cost of antibiotics prescribed after susceptibility testing, as measured in the number of $ symbols. Additional outcomes included the number of antibiotics prescribed and the prescription of high-cost versus lowcost antibiotics ($ and $$ vs. $$$ and $$$$). For all outcomes, we compared data before and following the intervention.
Sources of data for this study included administrative and clinical data from the EHR and discharge data from the University Health System Consortium (UHC). Administrative and clinical records were used to collect demographic, medication, and laboratory data. UHC provided severity of illness (SOI) and risk of mortality (ROM) data, as determined by the All Patient Refined Diagnosis Group (APR-DRG) Grouper. 17 
Statistical Analysis
We used paired t-tests for continuous variables, χ 2 tests for categorical variables, and χ 2 tests for trends for ordinal variables. Our primary analysis was a multivariable logistic regression model to estimate the association between high-cost antibiotic use ($$$ and $$$$) and the cost-feedback intervention (pre vs. post), with low average cost of antibiotic prescribing ($ and $$) as the reference group. We adjusted for other possible exposures influencing prescribing, including sex, race, age, insurance status, length of hospital stay prior to antibiotic prescribing, creatinine, SOI, and ROM. Using the estimated odds ratio (OR) from that model as the standard, we removed exposure variables that increased the precision of our estimate, as measured by the ratio of the 95 % confidence interval (CI), but did not change the OR by more than 10 % from the standard. 18 We evaluated for goodness of fit using the Hosmer-Lemeshow test. We also compared the average cost per unit of antibiotics prescribed pre-and post-intervention as estimated using the median antibiotic cost per cost category. SAS 9.3 (SAS Institute, Cary, NC) was used for all analyses. P-values <0.05 were considered statistically significant.
Sensitivity Analyses
To assess our study results' robustness, we conducted a sensitivity analysis. To evaluate the impact of our primary metric (average cost of antibiotics prescribed), we repeated our analyses using the highest cost and then the lowest cost postsensitivity testing antibiotic prescribed for each individual. Second, we stratified our data by diagnosis (bacteremia or UTI) and repeated our analyses.
RESULTS
Cost Categorization
The antibiotics were each assigned to one of four cost categories. The median cost per unit for $ category antibiotics was 
Participant Characteristics
Of 1,471 individuals with diagnoses of bacteremia and prescriptions for antibiotics, 581 people had a positive test result susceptible to antibiotics from more than one cost category and were prescribed antibiotics following that test, making them eligible for inclusion (Fig. 2) . Of 3,902 individuals with diagnoses of UTI or related conditions and prescriptions for antibiotics, 155 people were diagnosed with a UTI. Of the 581 eligible individuals with bacteremia, 84 were also diagnosed with a UTI (Table 1) . Of those diagnosed with both, 67 people were diagnosed with bacteremia first and 17 were diagnosed with a UTI first. The characteristics of participants in the preand post-intervention periods were similar, although there were significant differences in the proportion of males and SOI on admission. Overall, their mean age was 58.5 years, 50.7 % were male, and 52.2 % were white. Most had public insurance (64.9 %). Most had severe illnesses upon admission (overall mean SOI=3.2), and their average length of stay was long (overall mean=16.1 days), although individual durations varied greatly (overall standard deviation (SD)=16.1 days).
Antibiotic Prescribing
The majority of patients (88.5 %, Fig. 2) were prescribed an antibiotic after the receipt of their susceptibility testing results. Prescribers were physicians from multiple departments and services, including some services with resident physicians. There was a significant decrease in the average cost of antibiotics per patient after the intervention (1.9 $ vs. 1.7 $, where 1.5 $ would mean that the average number of dollar signs for antibiotics prescribed was between $ and $$, pooled t-test t= −3.1, p=0.002; Table 1 ). The change in the frequency of antibiotic prescribing from each cost category was significant (χ 2 =13.7, DF=3, p=0.003; Fig. 3 ) and showed a shift toward $ antibiotic prescribing from all higher cost groups. There was no change after the intervention in the proportion of patients prescribed antibiotics to which their infection was resistant (3.0 % before intervention, 3.0 % after intervention; p=0.945).
Multivariate Logistic Regression
In our initial model, we included intervention period (pre-or post-cost feedback implementation) and eight other possible exposures influencing prescribing: sex, race, age, insurance status, length of hospital stay prior to antibiotic prescribing, creatinine, SOI, and ROM. This model served as our standard, provided an initial estimate of the odds of prescribing highcost antibiotics ($$$ or $$$$) after the intervention compared to before (OR=0.767, 95 % CI: 0.579, 1.016), and had no evidence of poor fit (Hosmer-Lemeshow p = 0.686, cstatistic=0.670). We then ran models with combinations of the exposure variables to identify models with increased precision but less than 10 % change in the estimated OR. Our final estimated OR for the odds of prescribing high-cost antibiotics after the intervention compared to before was 0.741 (95 % CI: 0.564, 0.976), controlling for the effects of age, length of stay prior to antibiotic prescribing, and insurance type, indicating that the intervention resulted in a statistically significant decrease (p=0.033; Table 2 ) in the odds of prescribing high-cost antibiotics for inpatients diagnosed with bacteremia or UTI.
Sensitivity Analysis
Based on our sensitivity analyses, our estimates for the association between the intervention and high-cost antibiotic prescribing were robust (Supplemental Table 2 ). The OR for the association between cost-feedback and the highest cost antibiotic prescribed per person was 0.772 (p=0.039), controlling for age, length of stay prior to antibiotic prescribing, and insurance type. The OR for the association between cost-feedback and the least expensive antibiotic prescribed per person was 0.879 (p=0.078), controlling for age, length of stay prior to antibiotic prescribing, and insurance type. When we stratified by diagnosis, the association between the intervention and antibiotic prescribing remained constant, indicating that the association was consistent for both diagnoses. The OR for the prescription of high-cost antibiotics in the intervention period compared to the pre-intervention period for individuals diagnosed with bacteremia was 0.765 (p=0.078), controlling for age, length of stay prior to antibiotic prescribing, and insurance type. The OR for the intervention for individuals diagnosed with UTI was 0.747 (p=0.218), controlling for age and length of stay prior to antibiotic prescribing. After reassessing both subanalyses using the highest and lowest cost antibiotic prescribed, the ORs remained stable for bacteremia and UTI.
Cost-Savings Estimates
Based on the number of antibiotics prescribed from each category before and after the intervention and the median cost per unit for antibiotics in each cost category, the estimated average cost per unit of antibiotics prescribed before the intervention was $11.13 (SD=$0.88). The estimated average cost per unit of antibiotics prescribed after the intervention was $7.65 (SD=$0.57). This savings of 31.3 % was significant (p<0.0001). There was also a significant difference in the estimated unit cost per patient before and after the intervention ($15.86 per patient vs. $8.75, p<0.0001). For the 311 patients included in the post-intervention period, this amounts to an estimated $2,211.21 or $7.11 per patient.
DISCUSSION
In this quasi-experimental study, adding cost data to culture and antibiotic susceptibility results for inpatients diagnosed with bacteremia or UTI was associated with a significant decrease in the prescription of high-cost antibiotics. We observed reductions in the percentage of antibiotics prescribed from all cost categories greater than $, with the greatest proportional reductions in the highest cost categories, resulting in a significant decrease of approximately 30 % in the average estimated per unit cost of antibiotics prescribed. Assuming a similar savings could be expected to continue beyond the first year following the intervention and may apply to individuals with diagnoses aside from bacteremia or UTI, the potential financial impact may be substantial, especially considering that patients receive multiple antibiotic units per prescription. Our study suggests that providers should incorporate cost data into their prescribing practices.
Our study joins a growing body of literature demonstrating the utility of making providers aware of drug cost at the time of ordering. Although many factors besides cost influence physician prescribing habits, 19 research demonstrates that many physicians are unaware of drug pricing-overestimating inexpensive drugs and underestimating expensive ones. 20 However, physicians are receptive to using cost data to guide their prescribing, particularly to minimize patients' out-of-pocket costs. 21 An important difference between our studies and previous ones is that we used cost categories rather than actual cost.
Two differences between our study and other studies of clinical decision support tools for inpatient prescribing were our intervention's goal and its simplicity. Many tools have been developed to reduce inappropriate antibiotic prescribing. In general, they have been successful at reducing the incidence of negative side effects of excessive or suboptimal antibiotic prescribing, such as C. difficile infection, colonization with antibiotic-resistant organisms, and mortality. 22 The goal of our intervention, however, was purely to reduce cost without negatively impacting patient care. Second, clinical decision support tools can be complex, incorporating new screens or requiring click-through to access all information. 14, 23 Our intervention was seamlessly integrated into the existing EHR and did not change the general appearance of the antibiotic susceptibility results screen with which providers were familiar. Despite its simplicity, the intervention was associated with decreases in antibiotic costs, supporting existing literature on the power of Bnudges^in improving medical care. 24 Our study has several strengths. First, we were able to implement our system with minimal information technology (IT) support in a commercially available HER, and it is easily exported to other EHR systems. Second, we coupled cost data with susceptibility testing to ensure that patients received care that was equivalent, from a susceptibility standpoint, but less expensive. The effect of extending the intervention to antibiotics prescribed without sensitivity testing is unknown and might face a variety of challenges. For example, in the absence of sensitivity data, cost categories would have to be integrated into other portions of the EHR and prescribing system. Third, the intervention was both simple and scalable-it did not increase the number of steps needed to order a prescription, did not require any educational programs, and did not involve any incentives. Lastly, although we were unable to do a comprehensive analysis of patient outcomes before and after the intervention, the intervention was not associated with any increase in the average duration of hospital stay or in prescribing of medications to which the cultured pathogen was resistant, suggesting that the antibiotics selected under the cost feedback system may have been similarly effective to those selected before the intervention.
This study also has several limitations. First, the study was a pre-post quasi-experimental analysis; thus, it lacked a control group and was sensitive to unmeasured bias. However, the association was significant even upon sensitivity testing and stratification, which indicates that the findings are robust. Second, the follow-up period lasted 1 year. Its durability was not tested, and we may have instead observed regression to the mean or the Hawthorne effect. Third, the practice setting (an academic teaching institution and tertiary care hospital) may have impacted the intervention. Providers in this setting may have different responses to cost data than those in other practice settings. Fourth, although no antibiotic shortages were noted during the study period and no other cost-related interventions were implemented simultaneously, it is possible that provider habits changed as a result of other social, cultural, or technical factors. Unfortunately, we did not have information on resident physician instruction regarding proper prescribing, changes in the antibiotic stewardship program, or other factors that may have impacted prescribers. Fifth, we did not evaluate the total savings of the intervention across all diagnoses. This remains a topic for future research. Lastly, the population seen in this study had a relatively long length of stay in the hospital and high severity of illness. The effect of the intervention on a less severely ill patient population should be considered in future research.
The intervention did not address the possibility of using cost feedback to guide empiric treatment choices. It is possible that a similar simple feedback mechanism could help guide providers toward selecting appropriate generic or other lower cost treatment options while waiting for culture results. Indeed, other researchers have found that clinical decision support tools that guide physicians to appropriately prescribe antibiotics can have cost benefits and improve patient outcomes. 14, 22 Additional future considerations include the impact of cost feedback systems on readmission rates, clinical failures, and antibiotic resistance patterns.
CONCLUSIONS
Providing cost data alongside antibiotic susceptibility data for blood and urine culture results may change physicians' ordering behavior. The intervention was low cost, effective, and easy to implement. Whether broadening the intervention by including cost information for all antibiotic prescribing would be effective is a topic worthy of further study, so long as adaptations are made to ensure that patients receive similarly effective prescriptions.
